In this study, a new combined inorganic-organic flocculant (CIOF) of FeCl 3 and membrane performance enhancer (MPE50) was prepared and added to an aerated submerged membrane bioreactor (SMBR). The effects of CIOF on the performance of an aerated submerged membrane bioreactor (SMBR) were evaluated. The results indicated that the SMBR with CIOF addition could remove almost 100% total phosphate while eliminating over 90% ammonia (NH 4 -N) and dissolved organic carbon (DOC) during an 80-day of operation. The respiration tests revealed that the specific oxygen uptake rate (SOUR) was stable around 1.5-2.0 mg O 2 /g MLVSS .h. The sludge volume index (SVI) of less than 100 mL/g during the operation showed the importance of CIOF on the improvement of settling properties of the sludge. Soluble carbohydrate concentration was also well correlated with DOC of the supernatant. CIOF was 2 successful in the reduction of fouling of membrane as the membrane was only chemically cleaned after 53 days of operation.
Introduction
Among membrane processes, membrane bioreactor (MBR) technology is an innovative and promising option for wastewater treatment and reuse. It has been considered as one of the most favourable processes for water reclamation with many outstanding advantages over the conventional activated sludge systems. However, MBR has some drawbacks, in particular membrane fouling. Membrane fouling deteriorates the permeability of the membrane and consequently increases the energy consumption in MBR. In addition, due to this problem, operational and maintenance cost of the MBR are high. Therefore, it is necessary to develop an effective and economical method of preventing or reducing membrane fouling [1] .
The coagulant addition to minimise membrane fouling has been developed by several researchers. Coagulants are generally added during water and wastewater treatment to remove colloidal and suspended solids through their aggregation to larger flocs [2] . It has been reported that coagulants such as FeCl 3 and alum were effective in enhancing filterability of mixed liquor and controlling membrane fouling [3, 4] . Ferric chloride has been tested in pre-coating and flocculation experiments to retard membrane fouling [3] . These studies revealed that ferric chloride was efficient in removing nonbiodegradable materials without stressing the microorganisms. Zhang et al. [5] demonstrated that the addition of FeCl 3 to the MBR system at the optimal concentration improved the filterability of the mixed sludge and mitigated the membrane fouling. The results indicated that the optimal ferric chloride concentration affected the molecular weight distribution of the soluble microbial product (SMP) and particle size distribution of the flocs in the hybrid MBR, reducing the fraction of larger molecular weight higher than 10 kDa in the SMP and the 1-10 µm particles in the flocs. Moreover, the element analysis of extracellular polymeric substances (EPS) implied that the addition of Fe (III) to the MBR system bridged the negatively charged groups of the components of the EPS and replaced other elements through ion exchange. Song et al. [6] evaluated the use of ferric chloride in MBR application. It was able to largely improve the phosphorus removal as well as the filtration resistance.
Applying polymer to improve the performance of MBR has also been studied.
Various synthetic and natural polymers have been tested in fouling control. Yoon et al. [7] indicated that the total solids in bioreactor could be raised to 50,000 mg/L without immediate membrane fouling with the addition of 2200 mg/L of a cationic polymer.
After testing a total of 30 different additives, Iversen et al. [8] 
Materials and Method

Synthetic wastewater
The experiments were conducted using a synthetic wastewater to avoid any The composition of synthetic wastewater used in this study is shown in Table 1 [14] . 
Analysis
DOC of the influent and effluent was measured using the Analytikjena Multi N/C 2000. The analysis of COD and measuring of MLSS and biomass (monitored as mixed liquor volatile suspended solids, MLVSS) were according to Standard Methods [15] . T-N and T-P were measured by photometric method using Spectroquant ® Cell Test (NOVA 60, Merck). YSI 5300 Biological Oxygen Monitor was used to measure the SOUR. The oxygen consumption measurement can be achieved through the use of oxygen electrode with oxygen permeable Teflon membrane. Voltage generated from the reaction is proportional to the oxygen concentration of the sample and produces oxygen uptake during a period of 2-15 min.
Membrane cleaning
The fouled membrane was cleaned using both physical and chemical methods.
The physical cleaning was adopted by providing 1 min backwash every 1 h at a backwash rate of 30 L/m 2 .h. The membrane was chemically cleaned on the 53 rd day when the TMP reached a value of 36 kPa. The chemical cleaning procedure is as follows: (i) the cake layer formed from activated sludge on fouled membrane was brushed off; (ii) the membrane was soaked in 2% citric acid solution for 2 h; and (iii) the membrane was immersed for 2 h in 4% NaOH and 0.4% NaOCl solution.
Results and discussion
Short-term SMBR with individual flocculant addition
Short-term experiments were conducted to investigate the effects of the two individual flocculants (FeCl 3 and MPE50) on SMBR performance. Nevertheless, although T-N can be partially removed in aerobic SMBR (53.8%) through the anoxic micro-zones in the centre of microbial flocs, FeCl 3 only increased 7% of T-N removal while MPE50 decreased the value to 34.9%, indicating the synthetic organic polymer may have negative effect on denitrification. Moreover, MPE50 also exhibited an insignificant decrease in T-P removal. However, MPE50 enhanced the SOUR of the mixed liquor significantly (1.5 times than that of SMBR alone), which indicated that organic flocculant could improve the microbial activity. In addition, MPE50 also showed the lowest biomass growth rate of 0.15 g/d, resulting in the lowest sludge production.
Table 2
The 
SOUR
Oxygen uptake rate plays a crucial role in aerated activated sludge systems, as oxygen is required to remove both nitrogen and carbon. In an activated sludge process, oxygen uptake rate is influenced by several parameters such as MLSS concentration, wastewater type, mixing characteristics, the availability of substrates and nutrients and the presence of toxins. In this study, respiration test was conducted with the mixed liquor taken from the bioreactor periodically. There was no clear explanation regarding this negative effect with the literature, and the reason for this is still unclear.
SVI
SVI is widely used for characterising sludge settleability. Fig. 3 shows the variation of SVI with MLSS concentration in the SMBR system. The SVI varied between 38.6 to 64.2 mL/g. In the initial stage of operation, SVI showed a gradual increase along with the growth of biomass; however, after 35 days, the SVI stabilized even at high biomass concentration. This indicates the dependence of SVI on MLSS mainly during the initial phase. The SVI also shows a linear relationship with MLSS during the first 35 days (r p =0.9788 significant at 0.05 level). There was no correlation between them after the day 35. Other authors have also reported limited dependence of SVI on biomass concentration in complete sludge retention MBRs [18] .
Fig. 3. SVI and MLSS profiles of the SMBR system
In the present study, SVI value was always below 100 mL/g, indicating good settling properties of the sludge. High SVI is normally attributed to growth of filamentous bacteria. Several authors have reported that the presence of metal ions such as calcium, magnesium or iron ions in the feed contributes to the control of sludge bulking [19] . Therefore, CIOF used in this study did not lead to the growth of filamentous microorganisms which is resulted in low SVI. In order to clarify this assumption, the SVI during the first 3 days was compared with the SVI of blank-MBR.
The result showed the SVI was higher in the experiment without flocculants addition after 3 days operation. This clearly indicates that the flocculants have positive effect on controlling SVI.
Soluble EPS in supernatant
There are various biological, physical and chemical factors affecting membrane fouling in the activated sludge. To elucidate the fouling tendency, the quantity of EPS was analysed. EPS matrix is heterogeneous, in which polymeric material such as carbohydrates and proteins, lipids and nucleic acids have been found. However, the sum of carbohydrates and proteins is considered to represent the EPS because these were the dominant components found in the extracted EPS [20, 21] .
Fig. 4. Protein and carbohydrate concentration of soluble EPS
In an MBR, the quantity and quality of EPS is influenced by the process design and operational factors such as type of feed (wastewater), MLSS concentration, SRT, etc. Moreover, the different growth phases of microbes and the fluctuations in feeding or sludge wasting also affect the EPS concentration in the reactor [22, 23] . authors have also reported the correlation between these two parameters; however, the R-squared values were not high [26] . This result shows the importance of the measurement of supernatant DOC for MBR monitoring. In contrast, such a correlation was not found between soluble proteins and DOC in the supernatant, between turbidity of supernatant and soluble carbohydrates or proteins. Table   3 . The average DOC removal efficiency was 98.2% when using CIOF, it was 0.6 - 
TMP development
Conclusions
The effect of a CIOF on the performance of a long-term aerated SMBR was studied in detail. The addition of CIOF to SMBR was significantly improved both organic and nutrient removals. In addition, the CIOF could also maintain a good microbial activity with a stable SOUR. A stable SVI and soluble carbohydrate concentration and a low TMP development rate also supported the importance of CIOF on the reduction of membrane fouling. Further study on the optimization of FeCl 3 and MPE50 and the characterization of this CIOF for the in-depth understanding of fundamental mechanisms is essential. 
